Proton exchange membranes prepared by simultaneous radiation grafting of styrene onto poly(tetrafluoroethylene-co-hexafluoropropylene) films. II. Properties of sulfonated membranes by Nasef, Mohamed Mahmoud et al.
Proton Exchange Membranes Prepared by
Simultaneous Radiation Grafting of Styrene onto
Poly(tetrafluoroethylene-co-hexafluoropropylene) Films.
II. Properties of Sulfonated Membranes
MOHAMED MAHMOUD NASEF, HAMDANI SAIDI, HUSSIN MOHD NOR, OOI MUN FOO
Membrane Research Unit, Faculty of Chemical and Natural Resources Engineering, Universiti Teknologi Malaysia, Jalan
Semarak, 54100 Kuala Lumpur, Malaysia
Received 23 September 1999; accepted 7 February 2000
ABSTRACT: Proton exchange membranes were prepared by radiation-induced grafting
of styrene onto commercial poly(tetrafluoroethylene-co-hexafluoropropylene) films us-
ing a simultaneous irradiation technique followed by a sulfonation reaction. The re-
sulting membranes were characterized by measuring their physicochemical properties
such as water uptake, ion exchange capacity, hydration number, and proton conduc-
tivity as a function of the degree of grafting. The thermal properties (melting and glass
transition temperatures) and thermal stability of the membrane were also investigated
using differential scanning calorimetry and thermal gravimetric analysis, respectively.
Membranes having degrees of grafting of 16% and above showed proton conductivity of
the magnitude of 1022 V21 cm21 at room temperature, as well as thermal stability at
up to 290°C under an oxygen atmosphere. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci
78: 2443–2453, 2000
Key words: proton exchange membrane; radiation grafting; styrene; poly(tetrafluo-
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INTRODUCTION
Ion exchange membranes bearing sulfonic acid
groups were proposed for use in various electro-
chemical cells such as water electrolyzers and
proton exchange membrane (PEM) fuel cells,1 be-
cause of the complete dissociation of sulfonic acid
groups, which leads to high ionic conductivity and
low ohmic losses at high current density.2,3 There
is currently a high demand to develop new mem-
branes with a combination of high conductivity,
stability, and low cost to enhance the practical
use of PEM fuel cells because the commercially
available perfluorinated membranes are exces-
sively expensive.4,5
Several new fluorinated membranes such as
Nafiont/Gortex composite,6 Gore-Select™ (Gore
Co.), and a polytrifluorostyrene-based BAM mem-
brane7 (Ballarad Advanced Materials) were de-
veloped recently and showed good performance in
a PEM fuel cell. Moreover, a few nonfluorinated
membranes such as the polyether ether ketone
(PEEK)-based Aventis8 (Hoechst) and the sty-
rene-ethylene/butylene-styrene triblock copoly-
mer9 Dias 585 (Dias Co.) were also developed and
tested in fuel cells.
In the development of new membranes, modi-
fication of preexisting polymer films by radiation-
induced grafting of a chemical functionality is an
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advantageous technique, particularly in terms of
shaping and controlling the composition and
properties of the membrane.10,11 Experimental
radiation grafted sulfonic acid membranes based
on commercial poly(tetrafluoroethylene-co-hexa-
fluoropropylene) (FEP) films were developed by
Bu¨chi and coworkers and were found to be stable
for 1400 h in a PEM fuel cell at temperatures up
to 80°C.12–14 The possibility of using commercial
radiation grafted sulfonic acid membranes as
polymer electrolytes in PEM fuel cells was ex-
plored by Guzman-Garcia et al.15 These mem-
branes were very recently tested in a PEM fuel
cell and demonstrated satisfying performance
with an initial stability up to 1000 h.16 Further-
more, a number of studies reported the prepara-
tion of various proton exchange membranes by
radiation-induced grafting of styrene onto other
fluorinated polymers and subsequent sulfon-
ation.17–23 Because of the chemical stability
needed, the base polymers were confined to fluor-
inated polymers. Among fluorinated polymers,
FEP is well known for its high radiation resis-
tance. Therefore, the use of such film as a polymer
substrate provides a possibility for using a wide
range of doses and dose rates.
Roully et al.24 reported the preparation of pro-
ton exchange membranes by grafting of styrene
onto FEP film using a simultaneous irradiation
technique followed by sulfonation. However, in
their work the effect of grafting conditions on the
degree of grafting was not disclosed and only a
thin 50-mm FEP film was used as the polymer
matrix. In the first part of this study styrene was
grafted onto a thicker 120-mm FEP film using a
simultaneous irradiation technique under differ-
ent conditions.25 The effect of the grafting condi-
tions on the degree of grafting was kinetically
studied and the mechanical and structural
changes taking place in the graft copolymers were
evaluated. The grafting conditions showed a
strong effect on the degree of grafting of the ob-
tained FEP-g-polystyrene films.
In the present study the grafted FEP (FEP-g-
polystyrene) films were sulfonated and the phys-
icochemical properties of the obtained FEP-g-
polystyrene sulfonic acid membranes investi-
gated in correlation with the degree of grafting.
The thermal properties of the membranes such as
the melting temperature (Tm) and glass-transi-
tion temperature (Tg), as well as thermal stabil-
ity, were also investigated. The original FEP and
FEP-g-polystyrene films were included as refer-
ences.
EXPERIMENTAL
Materials and Grafting Procedure
The FEP-g-polystyrene films were prepared by
radiation-induced grafting of styrene (Fluka
85960, .99%) onto a FEP film (Porghof) with a
thickness of 120 mm using a simultaneous irradi-
ation technique. A glass ampoule containing a
FEP film of known weight was immersed in the
styrene monomer with concentrations in the
range of 20–60 vol % and diluted with dichlo-
romethane (J. T. Baker, reagent grade). The am-
poule was irradiated using g rays from a Co-60
source (Malaysian Institute for Nuclear Technol-
ogy Research) to a total dose of 20 kGy at a dose
rate of 0.37 Gy/s under a nitrogen atmosphere
at room temperature. The grafted films were
washed thoroughly with toluene and soaked
therein for 16 h, then dried under a vacuum until
constant weight. More details on the grafting con-
ditions and properties of the obtained grafted
FEP films can be found elsewhere.25 The degree of
grafting was calculated using the following equa-
tion:
degree of grafting (%) 5
Wg 2 W0
W0
3 100 (1)
where Wg and W0 are the weights of the grafted
and original FEP films, respectively.
Sulfonation
The grafted FEP films were sulfonated using a
sulfonation mixture composed of 30 parts chloro-
sulfonic acid (Fluka) in 70 parts of 1,1,2,2-tetra-
chloroethane (Fluka) (v/v). The grafted films were
first washed with dichloromethane, soaked
therein for 30 min, removed, and dried in a vac-
uum oven for 1 h. The dried films were placed in
a glass reactor containing the sulfonation mix-
ture, and the temperature was maintained at
90°C using an oil bath. The sulfonation reaction
was allowed to continue for 4 h under an N2
atmosphere. After completion of the reaction, the
sulfonated membranes were removed and washed
several times with 1,1,2,2-tetrachloroethane and
dichloromethane to remove the excess chlorosul-
fonic acid. The sulfonated membranes were then
hydrolyzed with 0.5M KOH solution and regener-
ated by boiling with 1M HCl. The membranes
were then washed several times with deionized
water to ensure the complete removal of the acid.
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Finally, the membranes were stored in the dark
under water.
Water Uptake
Water uptake measurements were carried out by
equilibrating clean and vacuum dried (1 torr,
80°C, 24 h) membrane samples in acid form in
deionized water (18 MV cm) for 4 h. The swollen
membrane samples were removed, the excess of
water adhering to the surface was quickly blotted
by absorbent paper, and then the samples were
weighed. The dry weight of the samples referred
to the salt (K1) form of the membrane. The water
uptake of the swollen membrane was determined
as reported by Roully et al.24 using eq. (2):
water uptake (wt %) 5
Ww 2 Wd
Wd
3 100 (2)
where Ww is the weight of the swollen membrane
in the acid form and Wd is the weight of the dried
membrane in the K1 form. All the obtained val-
ues were corrected for the salt form.
Ion Exchange Capacity (IEC)
The membrane samples (2 3 2 cm2) in acid form
were immersed into 50 mL of 0.5M KCl for 16 h at
room temperature. The protons (H1) released in
the solution were titrated with standardized 0.5M
KOH solution by an automatic titrator (Metro-
hom, Switzerland) until pH 7 was reached. Mem-
brane samples were regenerated into acid form by
boiling with 3.5M HCl for 3 h. From the volume of
KOH consumed in titration, the IEC of the dry
membrane per unit mass (meq/g) and per unit
volume (meq/mL) were calculated by taking the
membrane dimensional changes during swelling
into account. The theoretical IEC was calculated
based on the presence of full (100%) sulfonation in
all membranes at various degrees of grafting and
was used as a reference.
The dimensional changes of the wet mem-
branes were determined and compared with the
corresponding values of the dry ones. A thickness
gauge (Mitotuyo, Japan) with a resolution of
0.005 mm was used to measure the membrane
thickness. The length and width of the membrane
samples were determined by measuring the dis-
tance between two glass slides placed on the
edges of the membrane using a digital sliding
caliper (Mitotuyo) with a resolution of 0.01 mm.
The degree of sulfonation was calculated from
the volume of KOH consumed and the total num-
ber of styrene units obtained from the degree of
grafting as reported by Roully et al.24 The equiv-
alent weight (EW) was calculated from eq. (3):
EW 5 Wd/VKOH 3 0.05 (3)
where Wd is the weight of the dry membrane and
VKOH is the volume of KOH consumed in titra-
tion.
Proton Conductivity
The proton conductivity of the membranes was
measured at room temperature by AC impedance
spectroscopy. Measurements were carried out on
membranes in the acid form using a frequency
response analyzer (Solartron, 1250) in combina-
tion with an electrochemical interface (EG&G
Princeton Applied Research) at a 0.01–100 kHz
frequency range. The circular shaped swollen
membrane samples were clamped between two
blocked stainless steel electrodes located in a con-
ductivity cell. Fresh electrodes were used for each
experiment to maintain electrode sensitivity. The
resistance was obtained from the intercept of the
impedance curve with the real axis at the high
frequency end. The resistance values were cor-
rected by deduction of the resistance of the con-
ductivity cell without samples. The proton con-
ductivity was calculated from the resistance after
taking the surface area and the thickness of the
membrane samples into account.
Differential Scanning Calorimetry (DSC)
The DSC measurements were carried out using a
Pyris-1 calorimeter (Perkin Elmer). The mem-
brane samples were dried at 80°C in a vacuum
oven (1024 torr) for 7 days prior to the DSC runs.
Original FEP and grafted FEP films were used as
references. Typical samples weighed 5–10 mg. All
DSC runs were made in a temperature range of
50–400°C at a constant heating rate of 20°C/min
under a nitrogen atmosphere. The Tg and Tm
were obtained from the thermograms by means of
Pyris-1 commercial software.
Thermal Gravimetric Analysis (TGA)
The TGA measurements were performed using a
Perkin–Elmer TGA-7. Thermograms were ob-
tained for samples of vacuum dried membrane,
original, and grafted FEP films having typical
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weights of 10–20 mg in a temperature range of
50–700°C. All TGA runs were made at a constant
heating rate of 20°C/m in a nitrogen atmosphere.
Commercial Nafion 117 (Du Pont) membranes
were used as a reference. They were converted to
proton form by boiling in HNO3 (33%) for 2 h and
then washed free of acid with several changes of
deionized boiling water.
RESULTS AND DISCUSSION
Grafting of styrene onto FEP films by the simul-
taneous irradiation technique resulted in grafted
films having various degrees of grafting (5–52%).
The degree of grafting in the membranes was
found to increase with the increase in the mono-
mer concentration as depicted in Figure 1, which
shows the relationship between the degree of
grafting and the monomer concentration. This be-
havior was attributed to the increase in the sty-
rene diffusion and its concentration inside the
grafting layers, despite the fact that the FEP film
hardly swells in common monomers and solvents.
The reason behind such behavior is the proceed-
ing of the grafting reaction by the front mecha-
nism. Based on this mechanism, styrene grafting
onto FEP film was suggested to be started at
layers close to the film surface and it moves in-
ternally towards the middle of the film by pro-
gressive diffusion through successive swollen
grafted layers.25 These results are in complete
agreement with those reported for grafting sty-
rene onto FEP films using the preirradiation tech-
nique.26
Sulfonation of the grafted FEP films with var-
ious degrees of grafting results in FEP-g-polysty-
rene sulfonic acid membranes having various
equivalent weights. Figure 2 shows a generalized
molecular structure of the FEP-g-polystyrene sul-
fonic acid membrane. The degree of sulfonation
for all the membranes was found to be in the
range of 94–100% i.e., the ratio of the sulfonic
acid groups to the phenyl groups of polystyrene
can be assumed to be equal to 1. Therefore, all the
membrane properties are discussed only in corre-
lation with the degree of grafting in this study.
Water Uptake
The relationship between the membrane water
uptake and the degree of grafting of FEP-g-poly-
styrene sulfonic acid membranes is shown in Fig-
ure 3. The water uptake was found to increase
gradually and linearly with the increase in the
degree of grafting. It is well known that the water
uptake of the membranes is related to the degree
of grafting and subsequently the amount of sul-
fonic acid groups available. Therefore, the results
obtained here can be attributed to the increase in
the hydrophilicity imparted to the membranes by
the incorporation of sulfonic acid groups with the
increase of the degree of grafting. In addition, the
increase in the content of sulfonated polystyrene
side chain grafts leads to a decrease in the fluo-
rinated domain (FEP) in the membranes; as a
result, the hydrophobicity of the membrane de-
creases. The water uptake of the reference Nafion
117 was found to be around 39%.
Ion Exchange Capacity
Figure 4 shows the relationship between the IEC
and the degree of grafting of FEP-g-polystyrene
Figure 2 A generalized molecular structure of the
FEP-g-polystyrene sulfonic acid membrane.
Figure 1 The relationship between the degree of
grafting and the monomer concentration for grafting of
styrene onto FEP films. Grafting conditions: 20 kGy
dose, 1.3 kGy/h dose rate, dichloromethane diluent,
120-mm film thickness, 30°C and N2 atmosphere.
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sulfonic acid membranes. Observe that the IEC
increases as the degree of grafting increases. The
increase in the degree of grafting from 5 to 52%
leads to an increase in the IEC from 0.4 to 2.3 per
unit mass (meq/g) and from 0.7 to 3.6 per unit
volume (meq/mL) of the dry membrane. The cor-
responding IEC values of the Nafion 117 mem-
brane are equal to 0.9 meq/g and 1.9 meq/mL. As
the degree of grafting increases, the content of the
polystyrene grafts in the polymer matrix in-
creases and, as a result, more benzene rings are
available to host sulfonic acid groups. Therefore,
a desirable number of ionic sites can be achieved
by controlling the degree of grafting. These re-
sults are in a complete agreement with those re-
ported in the literature for similar FEP-based
membranes that were not as thick (50 mm). The
IEC of those membranes was found to increase
from 0.7 to 2.5 meq/g and from 1.9 to 3.9 meq/mL
with the increase in the degree of grafting from 13
to 52%.24 Moreover, these results are in harmony
with those reported for other proton exchange
membranes based on poly(tetrafluoroethylene),17
poly(vinylidene fluoride) (PVDF),19,20 and poly-
(tetrafluoroethylene-co-perfluorovinylether)
(PFA).22,23
It can also be seen that the experimental re-
sults of the IEC on a weight basis are slightly
lower than those of the IEC theoretical values
that were estimated based on 100% sulfonation.
This is most probably due to the presence of a few
unsulfonated phenyl groups and/or the presence
of sulfonic acid groups in sites that are not acces-
sible to water and diffusing protons as suggested
by Hietala et al.27
Figure 5 shows the relationship between the
equivalent weight and the degree of grafting of
FEP-g-polystyrene sulfonic acid membranes. The
Figure 3 The relationship between the membrane
water uptake and the degree of grafting of FEP-g-
polystyrene sulfonic acid membranes.
Figure 4 The relationship between the ion exchange
capacity and the degree of grafting of FEP-g-polysty-
rene sulfonic acid membranes. (}) Theoretical (meq/g),
(h) experimental (meq/g), and () experimental (meq/
mL) values.
Figure 5 The relationship between the equivalent
weight and the degree of grafting of FEP-g-polystyrene
sulfonic acid membranes.
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equivalent weight was found to decrease with the
increase in the degree of grafting. The equivalent
weight decreased from 2389 to 439 g/eq with the
increase in the degree of grafting from 5 to 52%.
This can be understood based on the fact that the
degree of grafting determines the amount of ionic
sites incorporated in the membrane. Accordingly,
the amount of polystyrene incorporated into the
FEP backbone determines the number of sulfonic
acid sites. Therefore, sulfonation of a membrane
having a high degree of grafting results in a low
equivalent weight and the opposite is true. These
results suggest that desirable equivalent weights
can be obtained by the variation of the degree of
grafting. Similar results were reported for FEP-
based sulfonic acid membranes prepared by preir-
radiation.14 The Nafion 117 membrane used as a
reference was found to have an equivalent weight
of 1115 g/eq.
Hydration Number
The relationship between the hydration number
of the sulfonic acid groups and the degree of graft-
ing of FEP-g-polystyrene sulfonic acid mem-
branes is shown Figure 6. The hydration number
(nH2O/SO3H) was found to increase linearly with
the increase in the degree of grafting. The in-
crease in the degree of grafting from 5 to 52% led
to an increase from 8 to 21 in the average number
of water molecules per sulfonic acid group. These
results are lower than those reported for thinner
FEP-based membranes, which showed an in-
crease in the hydration number in a range of
12–27 with the increase in the degree of grafting
from 13 to 52%.24 The difference between both
results can be ascribed to the difference in the
applied grafting conditions, which cause a differ-
ence in the structural changes that were built up
in the membranes. This behavior was explained
on the basis of a cumulative effect of three main
factors: the increase in the sulfonic acid groups,
the increase in the hydrophilicity, and the de-
crease in the degree of crystallinity of the mem-
brane with the increase in the degree of graft-
ing.28 The number of water molecules per sulfonic
acid group in the Nafion 117 was found to be
around 23. This result is in good agreement with
that reported by Zawodzinski et al.29 and Halim
et al.30
Proton Conductivity
Figure 7 shows the relationship between proton
conductivity and the degree of grafting of FEP-g-
Figure 7 The relationship between the proton con-
ductivity and the degree of grafting of FEP-g-polysty-
rene sulfonic acid membranes at room temperature.
Figure 6 The relationship between the hydration
number (nH2O/SO3H) and the degree of grafting of
FEP-g-polystyrene sulfonic acid membranes.
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polystyrene sulfonic acid membranes at room
temperature. The results show that the proton
conductivity increases sharply with the increase
in the degree of grafting at the beginning and
tends to level off beyond a degree of grafting of
about 16%. The sharp increase in the conductivity
at the beginning is most likely attributable to the
cumulative effect of the increase in the amount of
sulfonic acid groups, the increase in the water
uptake, and the increase in the hydration number
of sulfonic acid with the increase in the degree of
grafting. The tendency of the proton conductivity
to level off beyond a 16% degree of grafting can be
explained by taking the location of the sulfonated
polystyrene grafts into consideration. At low de-
grees of grafting, the polystyrene grafts are lo-
cated near the surface of the film while its middle
remains ungrafted and subsequently it exerts
high local resistance to proton transport, result-
ing in low proton conductivity. As the degree of
grafting approaches a value of 16% more grafts
are distributed near the middle part of the mem-
branes, resulting in diminution of the local resis-
tance; consequently, the proton conductivity in-
creases. A further increase in the degree of graft-
ing does not bring considerable changes to the
proton conductivity because of the possible
achievement of a homogenous distribution of the
sulfonated polystyrene grafts in the membrane.
These results show a trend similar to that of the
FEP-based 50-mm thickness membrane, despite
their lower values.13,24 The corresponding proton
conductivity of Nafion 117 was found to be equal
to 5.3 3 1022 V21 cm21 at room temperature.
This value is in good agreement with that re-
ported by Zawodzinski et al.31 and Rieke and
Vanderborgh.32
Thermal Properties
Figure 8 shows the DSC thermograms of the orig-
inal FEP film, the FEP-g-polystyrene film having
a 40% degree of grafting, and the FEP-g-polysty-
rene sulfonic acid membrane having a 40% degree
of grafting. The original FEP film has two transi-
tions representing Tg and Tm at 116.4 and
267.9°C, respectively [Fig. 8(A)]. The grafted FEP
film shows a Tg at 119.3°C and a Tm at 266.2°C
[Fig. 8(B)]. The grafted and sulfonated membrane
with a degree of grafting of 40% have a Tg and Tm
at 120.9 and 264.2°C, respectively [Fig. 8(C)]. It
can be clearly observed that grafting of styrene
onto the FEP film caused an increase in the Tg in
combination with a slight decrease in the Tm.
Similarly, sulfonation of grafted FEP films led to
a further increase in the Tg and decrease in the
Tm. These results can be explained by taking into
account the nature of the incorporated polysty-
rene grafts and the location at which the grafting
takes place.
The incorporation of polystyrene side chain
grafts, which are amorphous in nature, increases
the amorphous fraction and restricts the mobility
of the molecular chains of the FEP domain. Be-
cause the Tg is confined to the amorphous fraction
in the film, it shifts to higher values. Moreover,
the incorporation of sulfonic acid groups in the
polystyrene side chains leads to ionic interac-
tions, which most likely are in the form of physi-
cal crosslinking within the ionic domain. Conse-
quently, the mobility of the molecular chains in
the polystyrene domain is hindered and as a re-
sult the Tg is further increased.
The slight decrease occurring in the Tm upon
the introduction of polystyrene side chain grafts
shows that the original crystal size distribution is
slightly affected by styrene grafting and very lit-
tle disruption in the crystalline region took place.
These results suggest that polystyrene side chain
grafts were mainly introduced into the entire non-
crystalline (amorphous) region of the FEP matrix.
The decrease in the Tm of the sulfonated mem-
branes can be attributed to the deterioration oc-
curring in the crystallites under the influence of
the sulfonation of polystyrene grafts. This results
in a strong interaction between the hydrophilic
sulfonic acid groups and the hydrophobic FEP
matrix, which leads to a partial crystal disrup-
tion. Similar results were discussed by Gupta et
al.33 and Hietal et al.34 for styrene grafted and
sulfonated FEP and PVDF membranes, respec-
tively. These results indicate that the crystal dis-
ruption during the membrane preparation origi-
nates mainly after sulfonation. A Tm of 266.2°C
was reported for a thinner FEP-g-polystyrene sul-
fonic acid membrane having the same degree of
grafting.33 The difference in the Tm between the
two membranes is attributed to the difference in
the preparation and drying conditions.
Thermal Stability
TGA thermograms of the original FEP and FEP-
g-polystyrene films with a 40% degree of grafting
and the FEP-g-polystyrene sulfonic acid mem-
brane with a 40% degree of grafting are shown in
Figure 9. The reason behind testing the mem-
brane 40% degree of grafting was to have a fair
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Figure 8 DSC thermograms of (A) the original FEP film, (B) the FEP-g-polystyrene
film having a 40% degree of grafting, and (C) the FEP-g-polystyrene sulfonic acid
membrane having a 40% degree of grafting.
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comparison with a thinner FEP-based membrane
with the same degree of grafting and thermally
treated under a nitrogen atmosphere.35 The orig-
inal FEP film shows thermal stability up to
around 480°C, followed by a one-step degradation
pattern as depicted in thermogram A in Figure 9.
The incorporation of polystyrene grafts in the
FEP matrix introduces a two-step degradation
pattern where both of the grafted film compo-
nents (polystyrene grafts and FEP main chain)
show distinct degradation temperatures as de-
picted in thermogram B (Fig. 9). The polystyrene
grafts start to degrade at about 370°C and con-
tinue until 460°C, followed by the degradation of
the FEP matrix at around 480°C. This observa-
tion indicates the presence of two separated mi-
crodomains resulting from the incompatibility be-
tween the polystyrene grafts (hydrocarbon struc-
ture) and the FEP matrix (fluorocarbon structure)
in the grafted film. It seems that the presence of
polystyrene grafts does not change the decompo-
sition temperature of the FEP matrix. Similar
results were discussed by Gupta and Scherer35
and Hietala et al.36 upon studying the thermal
analysis of styrene grafted FEP and PVDF films,
respectively, under a nitrogen atmosphere. The
sulfonation of the grafted films introduces a
three-step degradation pattern as shown in ther-
mogram C (Fig. 9). The weight loss represents the
first step that starts below 100°C and continues to
around 200°C. This is followed by a second deg-
radation step, which continues to around 290°C.
Finally, a third degradation step emerges when
the film begins to decompose at 480°C. The initial
weight loss in the sulfonated membrane, which
can be seen in thermogram C (Fig. 9), is due to the
loss of water bound to the membrane. The intro-
duction of hydrophilic sulfonic acid groups im-
parts the hygroscopic nature that allows the
membranes to absorb water. Part of this water is
strongly bound to the sulfonic acid groups via
hydrogen bonding and remains in the membrane
even after raising the temperature above 100°C.
Similar behavior was shown in radiation grafted
and sulfonated FEP,35 PVDF,36 and PFA37 based
proton exchange membranes. Nafion 117 was also
found to behave in the same manner.38
The massive weight loss in the second step
(;290°C) is attributed to the elimination of sul-
fonic acid groups (desulfonation) while the weight
loss at 480°C is due to the degradation of the FEP
matrix. It can be observed that there is difficulty
in getting a clear discrimination between desul-
fonation and decomposition of polystyrene grafts.
Instead, the thermogram shows a continuous loss
in the range of 300–460°C. Such observations
Figure 9 TGA thermograms of (A) the original FEP film having a 40% degree of
grafting, (B) the FEP-g-polystyrene film having a 40% degree of grafting, and (C) the
FEP-g-polystyrene sulfonic acid membrane having a 40% degree of grafting.
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suggest that the sulfonation of polystyrene
grafted FEP film makes the membrane more sus-
ceptible to thermal degradation and enhances its
degradation compared to nonsulfonated ones.
However, from these thermograms it may be
stated that the membranes are thermally stable
up to 290°C under the present experimental con-
ditions. From the previous results it can be con-
cluded that the trend of the thermal degradation
of a FEP-g-polystyrene sulfonic acid membrane
under an oxygen atmosphere is quite similar to
that under a nitrogen atmosphere, which was re-
ported in the literature.35 However, under an ox-
ygen atmosphere the degradation of the mem-
brane components was found to start at lower
temperatures. Moreover, the membrane com-
pletely vanished without leaving any residue un-
der an oxygen atmosphere unlike the heat treat-
ment under a nitrogen atmosphere, which left a
residue of more than 20% of its original weight.
This was most probably due to the complete con-
version of the membrane residue, which was in a
carbon form (ash) to the evolving CO2. Details of
the thermal stability investigations and thermal
degradation behavior of FEP-g-polystyrene sul-
fonic acid membranes will be published in the
future.39 Nafion 117 membrane was found to be
thermally stable up to 290°C in oxygen. This re-
sult is in a good agreement with the reported
Nafion thermal stability in air.40
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